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Abstract
The Helium and Lead Observatory (HALO) at SNOLAB in Canada is the world’s
first dedicated supernova neutrino detector. Construction of the detector is complete,
but there is still work to be done before it is fully operational. In this thesis, I describe
my contributions to the HALO experiment which include the testing of hardware, the
design of a redundant networking scheme, and the development and implementation
of a remote monitoring system.
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Chapter 1
Introduction
“Measure what is measurable, and make mea-
surable what is not so.”
—Galileo Galilei
G
        . As far
as particle physics is concerned, that is. The experiments of today de-
mand more than gold foil or cathode ray tubes. Today’s experiments
require high energy, big machinery, scrupulous analysis, and a generous
amount of funding. Particle physics has entered the age of collaborations, the amassing
of dozens, sometimes hundreds or thousands, of brilliant minds for a single experiment.
Such experiments require careful planning and years of preparation before they can
even begin. The Helium and Lead Observatory (HALO) in Ontario, Canada is an
experiment in the late stages of preparation. HALO will exploit the prompt neutrino
signal produced in the explosion of massive stars to predict the appearance of the explo-
sion’s delayed optical signal.
I have had the honor of contributing to the progress of this experiment during the
past year. HALO is not yet fully operational. The detector has been constructed and
is continually taking data, but there are still several administrative tasks that must be
completed before HALO is ready to receive the next supernova signal. In this thesis,
I will detail the current status of HALO and my contributions to the experiment. I
1
2will explain the relevant physics behind HALO’s scientific goals and I will discuss what
remains to be done before HALO is in its final configuration.
Chapter summary:
Chapter 2 A primer on neutrinos, with an emphasis on topics that are most relevant
to production in supernovae and interactions with nucleons.
Chapter 3 A detailed summary of our current understanding of core-collapse super-
novae as it relates to neutrino production.
Chapter 4 An explanation of the Supernova Early Warning System, of which HALO
will be a member once fully operational.
Chapter 5 A description of the HALO experiment.
Chapter 6 A presentation of my contributions to HALO and what is left to do before
HALO is fully operational.
Chapter 2
The Physics of Neutrinos
“Neutrinos, they are very small.”
— John Updike
T
      marked the beginning of a golden
age in physics. The formulation of relativity and formalism of quantum
mechanics brought with it a wealth of paradigm-shifting discoveries, of-
fering humanity a deeper, more fundamental understanding of the Uni-
verse and paving the way for decades of ground-breaking research. One of the crowning
achievements of this era has been the construction of the Standard Model of particle
physics.
The advent of the model was paramount to the advancement of modern physics.
Through its theoretical framework, the particle physicist can calculate, among other
things: decay modes, branching ratios and intrinsic properties of a myriad of particles.
In some instances, the very existence of yet unobserved particles can be inferred from
the Standard Model. The prediction of the Higgs boson is perhaps the most notable
example, being initially theorized in 1964[1] and finally discovered in 2012[2, 3].
It is essential in particle physics that one be able to predict the observed phenomena
before it is observed. While atomic particles like the proton, neutron, and electron are
easy to detect, many particles are not. This is especially true for particles that have a
small mass or no charge, like the neutrino, or very brief lifetimes like the Higgs boson.
3
4It is nearly impossible to detect these particles directly. Instead, one must depend on
indirect observations like the products of an interaction or the daughter particles of a
decay sequence. To make new discoveries, the particle physicist must know what she is
looking for and where she might find it; it is the nature of the beast.
2.1 The StandardModel of Particles
The Standard Model of Particles is the result of large-scale scientific collaboration,
spanning continents and decades. In his famous lectures on physics, Richard Feynman
touched on the goal of physics: “...the aim is to see complete nature as different aspects
of one set of phenomena. That is the problem in basic theoretical physics today—to
find the laws behind experiment; to amalgamate these classes.”[4] The StandardModel
is the result of such amalgamations, beginning with the unification of two of nature’s
fundamental forces: electromagnetism and the weak interaction. At high-enough en-
ergies—about 100GeV, corresponding to a temperature of 1015K[5]—the two forces
become indistinguishable, forming the so-called electroweak interaction. Further uni-
fication of the fundamental forces has yet to be achieved, but the incorporation of the
Higgs mechanism—which gives mass to elementary particles—and the understanding
of the strong interaction has lead to the Standard Model that we know today.
Thirty-seven elementary particles are described by the Standard Model. They are
elementary in the sense that they are not composed of more fundamental constituents.
These particles consist of twelve quarks, twelve leptons, and thirteen force-carrying
bosons.
2.1.1 Bosons
Bosons are particles that obey Bose-Einstein statistics. Some bosons are elementary
particles. These are the six force carriers:  (electromagnetic), g (strong), W & Z
(weak), andH (Higgs). The bosons have associated with them no conserved quantities
and are not constrained by nearby particles in the states they can occupy. The bosons are
also distinct in that the force carriers mediate interactions between the other particles.
5Two of the force carriers are massless, the photon and the gluon. The weak force carriers
in contrast are quite heavy, weighing in at  90GeV/c2. This mass asymmetry was
cause for concern during the development of the electroweak theory. To account for it,
the Higgs field was proposed as a mechanism to imbue theW and Z bosons with mass.
2.1.2 Fermions
Leptons and quarks constitute fermions. The leptons are the electron, muon, tau parti-
cles and their associated neutrinos. The quarks are the up, down, charm, strange, top,
and bottom. All of these particles have antiparticles, which are also fermions. Fermions
are designated as such because they follow the laws of Fermi-Dirac statistics, the other
pillar of the dichotomy that describes systems of particles. That is, identical fermions
obey the Pauli exclusion principle.
These elementary fermions—leptons and quarks—are categorized into three or-
dered generations (Table 2.1), each generation being greater in mass than the one before
it. There are two conserved quantities associated with fermions: The lepton quantum
number and the baryon quantum number. Like momentum or energy, any process
involving fermions must conserve these quantities.
T .. The elementary fermions are divided into generations.
Mass increases from generation one to three. The first generation
is the most stable. Every particle in this table has an associated
anti-particle, which is also a fermion.
First Second Third
Generation Generation Generation
Leptons
e   
e  
Quarks
u c t
d s b
6
T .. A summary of particle discoveries. There are distinct error bars on each of the
reported masses that I have not included here, but the values in this table are current as of
2012. Particle masses are taken from the Particle Data Group [6], except for that of the Proton,
Antiproton, and Neutron, which come from another source [7] and are current as of 2010.
Particle Name Symbol Mass Year Credit
Photon  0 — —
Electron e  0:511MeV/c2 1897 J.J. Thomson
Proton p 938:3MeV/c2 1919 Ernest Rutherford
Neutron n 939:6MeV/c2 1932 James Chadwick
Positron e+ 0:511MeV/c2 1932 Carl D. Anderson
Muon  105:7MeV/c2 1937 Seth Neddermeyer, et al.
Pion  135:0MeV/c2 1947 C. F. Powell, et al.
Kaon K 497:6MeV/c2 1947 George Dixon, et al. Rochester
Lambda Baryon 0 1;116MeV/c2 1950 V D Hopper, et al.
Antiproton p 938:3MeV/c2 1955 Owen Chamberlain, et al.
Electron Neutrino e < 2 eV/c
2 1956 Frederick Reines & Clyde Cowan
Muon Neutrino  < 190 eV/c
2 1962 Leon Lederman, et al.
Xi Baryon 0 1;315MeV/c2 1964 Brookhaven National Laboratory
Up Quark u 2:3MeV/c2 1969 SLAC
Down Quark d 4:8MeV/c2 1969 SLAC
Strange Quark s 95MeV/c2 1969 SLAC
J/ Meson J/ 3;097MeV/c2 1974 Burton Richter, et al.
Charm Quark c 1:28GeV/c2 1974 Burton Richter, et al.
Tau  1;777MeV/c2 1975 Martin Perl, et al.
Upsilon Meson  9;460MeV/c2 1977 Fermilab
Bottom Quark b 4:18GeV/c2 1977 Fermilab
Gluon g 0 1979 DESY
W Boson W 80:39GeV/c2 1983 Carlo Rubbia, et al.
Z Boson Z0 91:19GeV/c2 1983 Carlo Rubbia, et al.
Top Quark t 173:1GeV/c2 1995 Fermilab
Tau Neutrino  < 18:2MeV/c
2 2000 Fermilab
Higgs Boson H 125:9GeV/c2 2012 CERN (ATLAS)
72.2 The Neutrino and its Properties
It was in 1930 that Wolfgang Pauli sought to solve the problem that surrounded -
decay. The problem was that the process in which a neutron decayed into a proton and
an electron seemed to violate the well-established conservation laws of energy, momen-
tum, and spin. Pauli hypothesized the existence of a small neutral particle to reconcile
this discrepancy. The idea was a bold one, since the proton and electron were the only
two known particles at the time. Neils Bohr opposed Pauli’s hypothesis and preferred a
statistical explanation that allowed for the violation of conservation laws. Pauli’s postu-
lated particle later became known as the neutrino1, meaning little neutral one.
Its existence was confirmed in a famous experiment by Fredrick Reines and Clyde
Cowan in 1956[8]. They used a mixture of water and cadmium chloride as an in-
teraction medium for electron antineutrinos, which invoke an inverse -decay process
(Eq. 2.1).
e + p! n + e+ (2.1)
The resultant positron quickly annihilates with a nearby electron, producing two pho-
tons. On a larger time scale, the resultant neutron eventually captures on one of the
cadmium nuclei, exciting it. When the nucleus de-excites, it emits a photon. Reines
and Cowan measured a time delay between detection of the pair-annihilation photons
and the neutron capture photon, confirming the neutrino’s existence.
In 1962, the muon neutrino was discovered by shooting pi mesons from a syn-
chrotron towards a steel wall[9]. The pi mesons decay into amuon and amuon neutrino.
The former were stopped at the wall while the latter continue through to a detector that
photographed the byproducts of a neutrino interaction with aluminum. Much later, in
2000, the tau neutrino was finally discovered at Fermilab[10].
Of all the particles found in nature, neutrinos are perhaps themost ubiquitous. They
1More specifically, the electron neutrino. The existence of the other two flavors—the muon neutrino
and tau neutrino—were not hypothesized until 1948 and 1974, respectively.
8are produced by a variety of physical processes: radioactive decays, particle interactions,
nuclear fusion, and stellar explosions to name a few. Neutrinos are not charged or very
massive (see Table 2.2), so they only interact very weakly and can have very long life-
times. Earth is being bathed in a sea of neutrinos streaming out from the nuclear process
at the center of the sun. The solar neutrino flux at Earth is  6 1010 cm 2 s 1[11].
Like all leptons, neutrinos interact via the weak force. That is, every neutrino in-
teraction is moderated by an exchange of a W or Z boson. These interactions can be
classified into two groups: charged current (CC) and neutral current (NC). Examples
of these interactions are presented in the Feynman diagrams below:
.
e 
e
W
n
p
F. .. Charged current interaction. A
W boson is exchanged between the neu-
tron and neutrino to produce an electron
and proton.
.
e
e
Z
e 
e 
F. .. Neutral current interaction.
The neutrino and the electron scatter off
one another through the exchange of a Z
boson.
Neutrinos, without interacting, can change their flavor. For example, what is mea-
sured as an electron neutrino now might be measured as a muon neutrino later. This is
the phenomenon known as “neutrino oscillation.” It was predicted by Bruno Pontecorvo
in 1957[12] and happens because the neutrino flavor eigenstates do not correspond to
the mass eigenstates. The two eigenstates are related by a mixing matrix, Uk:
ji =
NX
k=1
Uk jki (2.2)
Where N is the number of possible neutrino flavors (currently thought to be three).
For oscillations in a vacuum, the probability of a neutrino of flavor  oscillating to
one of flavor  depends on the angles of the mixing matrix, the distance traveled, the
9energy of the neutrino, and the mass square difference between mass states[6].
P ( ! ) =    4
X
j>i
UiU

iU

jUj sin
2

1:27 m2ijL
E

(2.3)
Differences in the oscillation probabilities appear when neutrinos travel in matter.
This is known as the MSW (Mikheyev-Smirnov-Wolfenstein) effect[13]. It comes
about due to the coherent scattering of electron neutrinos on atomic electrons. Muon
and tau neutrinos are not affected because there are rarely muons or tau particles to scat-
ter them. The mass eigenstates then propagate differently than they otherwise would
in a vacuum.
Chapter 3
Neutrino Production in
Supernovae
“Stars are phoenixes, rising from their own ashes.”
—Carl Sagan
S
   : T  . T . T . A star’s mass is
its most telling feature. It determines how they live and how they die. Low-
mass stars have cooler cores and lower rates of nuclear fusion. They expend
their fuel very slowly and as a result tend to live long lives that last billions of
years. They will often end their lives as a white dwarf; a dense ball of glowing degenerate
matter that very slowly cools over time. High-mass stars have contrasting features.
They are short-lived due to their rapid exhaustion of nuclear fuel, lasting only millions
of years. And instead of fading away in the night sky at the end of their lives, massive
stars go out with a bang. Their passing is marked by a brilliant explosion that can easily
outshine an entire galaxy: the supernova.
3.1 Supernova Taxonomy
Supernova taxonomy is not an exact science. They are classified merely by the appear-
ance of their spectra. In that respect, supernovae are to the astronomer as insects are
10
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to the biologist, rocks to the geologist, or artifacts to the archaeologist. The classifica-
tion of supernovae is—as Ernest Rutherford would say—stamp collecting. Generally
speaking there are two types of supernova: Type I and Type II. The difference between
them is that the spectra of Type II supernovae contain very prominent hydrogen lines,
while those of Type I do not. Furthermore the Type I supernovae are divided into two
types depending on whether their spectra contain silicon (Type Ia) or not. The latter of
these—devoid of hydrogen and devoid of silicon—are again divided in two, depending
on whether they’re helium rich (Type Ib) or helium poor (Type Ic) (Fig. 3.1).
Type Ia supernovae are perhaps the most distinct of the three Type I supernovae.
The situation in which they are thought to occur is that of a white dwarf in binary orbit
with a companion star. Matter from the companion accretes onto the white dwarf until
the Chandrasekhar limit of 1.4 M is reached. At that point the degeneracy pressure
is overcome by gravity, causing the white dwarf to collapse and then explode when its
carbon ignites. The explosion is so catastrophic that there is likely no remnant left in its
wake. What’s interesting about Type Ia supernovae is that they all explode at the same
mass, 1.4M. The consistency of their eruptions—and, therefore, their spectra—make
them ideal standard candles, allowing the astronomer to calculate intergalactic distances
simply by measuring the peak brightness of their light curve.
Type Ib and Ic supernovae are products of massive stars that have shed their outer
envelopes of hydrogen and possibly helium. They explode via “core-collapse” and leave
behind a neutron star or a black hole in their wake, generating a wealth of neutrinos in
the process.
The Type II supernovae are also divided into two groups and are distinguished by the
shape of their light curve. The Type II-L has a light curve that decays rather linearly
after maximum brightness while the Type II-P has one that plateaus after maximum
brightness. Stars that become Type II supernovae are massive. As a result, they tend
to live relatively short lives, making them more likely to be found in the arms of spiral
galaxies where active star formation is occurring. The explosion mechanism for Type II
supernovae is core-collapse, like the Type Ib/Ic supernovae. These Type II supernovae
are more common[14] and will be the focus of the rest of the chapter. Throughout the
12
rest of this thesis, I will make no further distinction between the Type II and Type Ib/Ic
supernovae, but will instead refer to them collectively as “core-collapse” supernovae.
.SN
Type I
Type II
Type Ia
Type Ib,Ic
Type Ib
Type Ic
Type II-L
Type II-P
no
H
H
Si
no Si He
no He
Linear
Plateau
F. .. Classification of supernovae. All except for Type Ia are core-collapse supernovae.
Neutrinos are produced in great quantities during core-collapse.
3.2 Shell Burning
Stars of mass M & 8 M undergo a relatively brief period at the end of their lives in
which a series of nuclear reactions occur within their core[15]. When the hydrogen
fuel is exhausted, the core contracts until the temperature is high enough to fuse he-
lium. Once helium is exhausted, the core contracts again until carbon-burning begins.
This process continues, the core burns through successively heavier elements, and the
duration of each burning stage decreases substantially. The specifics of this process de-
pend intimately on the mass of the star. An example for a 15 M star is summarized
in Table 3.1.
13
T .. Shell Burning Process for a 15M Star[16]. Neutrino luminosity grows rapidly
at each burning stage starting at carbon.
Stage Time Fuel Main Temp. Density Neutrino Loss
Scale Product (109K) (g cm 3) (Solar units)
Hydrogen 11 My H He 0.035 5.8 1,800
Helium 2 My He C, O 0.18 1,390 1,900
Carbon 2,000 y C Ne, Mg 0.81 2:8 105 3:7 105
Neon 0.7 y Ne O, Mg 1.6 1:2 106 1:4 108
Oxygen 2.6 y O, Mg Si, S 1.9 8:8 106 9:1 108
Silicon 18 d Si, S Fe, Ni 3.3 4:8 107 1:3 1011
Core collapse 1 s Fe Neutron > 7:1 > 7:3 109 > 3:6 1015
Star
The nuclear burning history of this process is contained within shells of unspent
fuel that surround the core, producing a characteristic onion-like structure of progres-
sively heavier elements. As the star burns through successively heavier nuclei, the mass
and density of the core increases, driving up the temperature. Such high temperatures
support the core by allowing it to fuse heavier nuclei, releasing nuclear binding energy.
Simultaneously, the production and emission of neutrinos is a substantial source of en-
ergy loss for massive stars[16, 17, 18, 19]. Neutrino emission increases considerably
after helium-burning, as seen in Table 3.1.1 At this point, the core and the stellar pho-
tosphere become decoupled; they are no longer connected by a mutual radiative transfer
of energy.
This emission is known as “neutrino cooling”2 and consequentially accelerates the
evolution of the star. The processes responsible for neutrino cooling are pair annihilation
and the photoneutrino process[17]:
pair annihilation: e  + e+ !  +  (3.1)
photoneutrino process:  + e  ! e  +  +  (3.2)
1These neutrinos are not currently detectable at Earth; their energies and luminosities are too low.
2This is also referred to as “deleptonization” because the only leptons present in a star—electrons
and positrons—are transformed into neutrinos that promptly leave the star. The effect is a net deficit of
leptons.
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Pair annihilation occurs when the core temperature reaches Tcore  109K[19]. At
this temperature high-energy photons undergo pair production, creating a wealth of
free electrons and positrons. When they recombine they often produce more photons,
but on rare occasions the interaction results in a neutrino-antineutrino pair instead.
The photoneutrino process is much like Compton scattering, but instead the photon is
transformed into a neutrino-antineutrino pair coming out of the interaction.
The net effect of neutrino cooling is essentially to move the progenitor core through
the shell burning stages faster, and to drive the core mass to a limiting value known as
the Chandrasekhar mass:
MCh = 5:84 Y
2
e M  1:4M (3.3)
where Ye is the number of electrons per nucleon. As the neutrinos stream from the
core, they take energy with them leading to a steady reduction of entropy—and there-
fore an increase in electron degeneracy—in the core[18]. This exodus of neutrinos in-
tensifies with each stage of nuclear burning, such that by the time the core is burning
silicon, neutrino emission is enormous: A 20M star would have a photon luminosity
of  4:4 1038 ergs s−1 and a neutrino luminosity of  3:1 1045 ergs s−1[17]. These
neutrinos are not currently detectable at Earth; their energies are below the observa-
tional limits of today’s neutrino observatories.
The products of silicon burning are nuclei centered around the 5626Fe peak. Sub-
sequent nuclear fusion of iron does not release nuclear binding energy, so there is no
radiation pressure to support the core. The entropy of the core at this stage is very low
( 0:7— 1 kb per nucleon[18])3 and the electronic population is nearly fully degenerate
and relativistic; the core briefly resembles a white dwarf. The only thing supporting the
core is the electron degeneracy pressure, but with mass falling onto the iron core the
Chandrasekhar mass is soon achieved and collapse proceeds unhindered.
3kb is Boltzmann’s constant.
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3.3 Core Collapse
Two critical processes occur that are responsible for the iron core’s collapse. The pho-
todisintegration of iron nuclei (Eq. 3.4) and electron capture on free protons (Eq. 3.5):
photodisintegration:  +56 Fe
 13 4He+ 4n (3.4)
electron capture: e  + p! n + e (3.5)
Through photodisintegration, high-energy photons break apart iron nuclei into neu-
trons and alpha particles, effectively undoing the achievements of the star’smulti-million-
year lifetime. Cosmic tragedies aside, this process drives the collapse by consuming
thermal energy and thus lowers the effective adiabatic index  at or below the critical
value for gravitational stability of 4/3[17].4
As the core begins to collapse, densities increase and so does the Fermi energy of the
degenerate electrons. This allows them to capture on free protons (Eq. 3.5), reducing
the number of electrons and accelerating the collapse. This process is widely known
as “neutronization.” Electron neutrinos are produced in bulk in these reactions and can
initially escape the collapse. However, the average energy of the neutrinos increases with
density and temperature, and the cross section for coherent neutrino-nucleus scattering,
 ' 10 44 cm2 N2

E
MeV
2
(3.6)
where N is the number of neutrons in the nucleus, varies as the square of the neutrino
energy. At a density trap ' 1012 g cm 3, the in-falling material becomes opaque to
neutrinos. The interface that separates neutrino-transparent regions from neutrino-
opaque is known as the “neutrinosphere ” and is analogous to the photosphere of a star.
This trapping of neutrinos facilitates charged current interactions with the neutrons of
nearby nuclei, the reverse process of Eq. 3.5. This balances the loss of electrons through
4Until now,  has remained at 5/3, the typical value for a non-relativistic degenerate electron gas.
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the capture process and terminates the energy flow out of the core allowing the collapse
to proceed adiabatically. The collapse continues all the way down to nuclear densities
(  3 1014 g cm 3[19, 20, 21]). The total time required for collapse from beginning
to end is no more than  350ms for any given progenitor[18], during which the core’s
radius shrinks from  3;000 km to  30 km[16].
3.4 Rebound
At nuclear densities, the nucleon degeneracy pressure halts the collapse. The inner
core steepens and the in-falling material rebounds, producing a shock wave that moves
outwards through the outer core. The shock wave begins in the neutrino-opaque region
and moves into the neutrino-transparent region. As the shock front passes through the
neutrinosphere the electron neutrinos are able to leave the star at once; an event known
as “neutrino breakout.” The shock continues to heat up as it encounters the in-falling
material, allowing the photodisintegration of iron to resume. This steals energy from
the shock, and for stars with sufficiently massive iron cores, the shock will eventually
stall before making it out of the core.
Neutrinos play a key role in reviving the shock. The region outside the neutri-
nospheres5 that surrounds the newly-formed proto neutron star is very hot and cools
through the emission of neutrinos produced by electron capture and pair annihilation
processes (Eqs. 3.5 & 3.1). These neutrinos travel towards the shock front and even-
tually enter a dense region behind the shock where a small fraction of neutrinos are
absorbed at a faster rate than they are emitted. This region occurs at a radius known as
the “gain radius,” and gains thermal energy through neutrino heating. The deposited
energy by the neutrinos is enough to revive the shock. The proto neutron star then
gradually cools through neutrino emission.
One expects the total radiated energy in a supernova explosion to be equal to the
5Each neutrino flavor has its own neutrinosphere. This is the case because the mean free path of a
neutrino is related to its energy.
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gravitational binding energy of the remnant neutron star.
Erad =
3
5
GMns2
Rns
 1053 ergs (3.7)
Only  1% of this energy manifests itself as electromagnetic radiation and kinetic en-
ergy of ejecta which produces the brilliant display that accompanies a supernova. The
other 99% is radiated away in the form of neutrinos.
3.5 Supernova Neutrino Spectra
Once neutrinos break out of the core, their motion is no longer diffusive like that of the
photons and the shock wave. They are ejected into space before the outer layers of the
star even “know” that the core has exploded.
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The electron neutrinos are the first to leave the star. These were the result of neu-
tronization of the inner core and were the constituents of the neutrino breakout. This
burst is expected to last for a few tens of milliseconds[22]. Neutrinos generated during
shock revival are also predominantly electron flavored. The duration of this period is on
the order of  100ms[22]. At a post-bounce time of t & 100ms, convective processes
in the neutron star increase the flux of heavier neutrino flavors[20]. Over the next ten
or twenty seconds, the core cools via neutrino emission (Fig. 3.2). The spectrum of
neutrino energies (Fig. 3.3) emitted from the explosion are centered around a value just
above 10MeV[23].
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It is very helpful that 99% of a supernova’s energy is radiated in the form of neutri-
nos before the outer layers of the star are disrupted. This provides a means of predicting
the optical appearance of a supernova. Such an advance warning would be invaluable to
astronomy, as it would allow the community to observe a supernova as it happens and
better understand the very complex process that surround it (see Chapter 4). Further-
more, the neutrinos themselves can serve as more than just messengers; the properties
of the neutrino flux would contain valuable insight to the goings-on in the core during
and after collapse.
Chapter 4
The Supernova Early
Warning System
“Vision is the art of seeing things invisible.”
— Jonathan Swift
L
           .
Understanding ofmain-sequence stellar behavior is always improving thanks
to a robust nuclear theory, powerful computational models, and observa-
tion. But, after a star moves off of the main sequence conditions inside are
harder to predict with any confidence. Perhaps the best example of this are the mo-
ments immediately preceding and immediately following the eruptions of large stars.
Computational models are always improving, but its very hard to compare them with
observations because it is difficult to predict when and where a supernova will occur.
The possibility of using the neutrino signal as an advance warning of the photon
signal was fully realized with the eruption of SN 1987a, 50 kpc away in the Large Mag-
ellanic Cloud. A handful of neutrino detectors at the time recorded the event. A total
of 26 events were observed between Kamiokande-II, IMB, and Baksan over a period of
13 seconds, all with energies . 40MeV (Fig. 4.1)[25, 26, 27].
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F. .. Observed neutrino spectrum from SN 1987a. Twenty six events were recorded by
three separate experiments during a 13-second period. A scintillator detector in Mont Blanc in
Italy detected a neutrino signal, but it was not coincident with the other detectors and are not
thought to be associated with the supernova[28].
The Supernova EarlyWarning System (SNEWS)1 [29] is hoping to take advantage
of the neutrino signal generated during galactic core-collapse supernovae to identify the
explosion before the photon signal arrives. SNEWS is a world-wide network of neu-
trino detectors that will listen for that distinct neutrino signal and alert the astronomical
community upon its arrival. Astronomers will only have several hours to prepare their
observations.
1http://snews.bnl.gov
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4.1 AWorld-Wide Network of Neutrino Detectors
There are at present five neutrino observatories actively participating in SNEWS: Ice-
Cube in Antarctica, Borexino and the Large Volume Detector (LVD) in Italy, and
Super-Kamiokande (Super-K) and KamLAND in Japan. HALO and a few other ex-
periments like SNO+ in Canada and NOA in Minnesota plan to join that list soon.
A brief summary of each detector is given in Table 4.1.
ICECUBE
HALO &
SNO+
LVD &
BOREXINO
SUPER-K &
KamLAND
NOvA
F. .. Map of observatories participating in SNEWS. At present, five observatories are
actively participating (purple markers). HALO, SNO+, and NOA plan to actively participate
once their triggers are in place (red markers).
The experiments share a connection to two central servers, one at Brookhaven Na-
tional Laboratory (BNL) and another at the Istituto Nazionale di Fisica Nucleare in
Italy, which functions as a backup in case BNL goes offline. Through automated trig-
gering software, each experiment automatically sends an alert to the central server when
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it believes it detected a supernova neutrino signal. If the server receives several coinci-
dent alerts, it sends the warning out to the SNEWS membership via a PGP encrypted
email.
T .. A summary of SNEWS-affiliated detectors and their attributes[30].
Detector Type Mass (kton) Location Status
IceCube H2O (ice) Cherenkov – Anarctica Running
Borexino Liquid Scintillator 0.30 Italy Running
LVD Liquid Scintillator 1 Italy Running
Super-K H2O Cherenkov 32 Japan Running
HALO High-Z (Pb) 0.076 Canada In Development
SNO+ Liquid Scintillator 0.78 Canada In Development
4.2 The Three P’s
In order for SNEWS to be reliable and successful, it has to adhere to “the three P’s”:
Prompt
The prompt neutrino signal may only precede the photon signal by hours or less. It
is essential that SNEWS works quickly to get the word out once the neutrino signal
is detected. To achieve this, the system is automated at both the detector end and the
server end. Each experiment is responsible for developing its own software triggers that
alert SNEWS when a supernova candidate is detected.
Pointing
Knowing that a supernova is about to become visible is great. What’s better is knowing
where to look. Detecting the directionality of incoming neutrinos is notoriously diffi-
cult. Many neutral and charged current interactions are useless because their products
are nucleons or leptons whose directions are independent of that of the neutrino. How-
ever, elastic scattering between neutrinos and electrons ( + e  !  + e ), which is
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a neutral current process, is currently the best method because the momentum trans-
fered to the electron points back to the direction of the incoming neutrino. Super-
Kamiokande is currently the only SNEWS observatory that can provide pointing in-
formation. For a supernova at a distance of 10 kpc from Earth, Super-K can point with
an accuracy of about 7:8 if an isotropic background is present. If the background can
be accounted for with neutron tagging, the accuracy improves to about 3:2[31]. Tri-
angulation between detectors around the world is technically possible, but currently the
statistics associated with interactions make it too difficult. It has been proposed that
the next generation of high-statistics neutrino observatories (eg. Hyper-Kamiokande)
may be able to use triangulation to determine a rough location in the sky[32].
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F. .. SNEWSrate of accidental alerts.The average interval
between false-alarms is modeled to first order as a Poisson process
parameterized by the number of required coincidences in a 10
second window and the number of active experiments[30].
To ensure that a SNEWS
alert is taken seriously,
the false-alarm rate of
SNEWS must be very
low. SNEWS aims for a
false-alarm rate of fewer
than one per century. To
achieve this, SNEWS re-
quires that each exper-
iment has a false-alarm
rate of less than once per
week and that at least
two detectors send an
alert within ten seconds
of each other. This 2-fold
coincidence between de-
tectors ensures the once-per-century threshold can be achieved, but only with three
actively participating experiments. If more than three experiments are participating,
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the coincidence between detectors must be at least 3-fold if each detector is to maintain
a once-per-week false alarm rate pre-coincidence (Fig. 4.3).
4.3 Alerting the Astronomical Community
Each experiment participating in SNEWS is responsible for implementing an auto-
mated supernova trigger with the certainty detailed in the previous section. When an
experiment’s trigger is activated, the experiment will send an alarm datagram to the
“coincidence server” in Brookhaven National Laboratory. The coincidence server then
scrutinizes the datagram and listens for coincident alarms from other experiments. A
2-fold coincidence within 10 seconds is required to trigger an automated alert. If the
coincidence criterion is not met, an individual alert can be sent if the experiment con-
firms the signal is not noise, otherwise the datagram is discarded and SNEWS returns
to waiting for alarms (Fig. 4.4).
If the coincidence criterion is met, then SNEWS will issue either a GOLD or SIL-
VER alert, depending the quality of the alarm received. Besides coincidence, for a
GOLD alarm to be issued at least two of the experiments involved must be a phys-
ically separated laboratories. Furthermore two or more of the alarms received must
be flagged as “GOOD”. This means that the alarm was received while the experi-
ments were operating under normal conditions, rather than operating during main-
tenance or callibrtion, for example. Finally, at least two of the experiments involved
must have had an acceptable false-alarm rate of 1week−1 during the past time intervals
fTig = f10minutes; 1 hour; 10 hours; 1 day; 3 days; 1week; 1monthg.
If a coincident alarm fails to meet all these criteria, the alert will be demoted to
SILVER. A SILVER alert only gets issued to experimenters, not the general public.
In this case experimenters must personally check their data and decide if it is a suitable
supernova candidate. If so, the experimenters send an OVERRIDE packet to the server
and SNEWS promotes the alert to GOLD. A GOLD alert is issued to experimenters
and the public. Again, the experimenters must hand-check their data. If through this
checking it is discovered that it was a false alarm, a retraction is issued to the mailing
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lists and on the SNEWS web page.
F. .. SNEWS alert flowchart[29]. This algorithm runs on the SNEWS coincidence
server at Brookhaven National Laboratory, and discriminates against alarms to determine their
candidacy as a supernova event.
The intended subscribers of the SNEWS service are astronomers, although anybody
who would like to receive alerts can sign up.2 An alert sent to the community will
contain information about the time of the event and an approximate location in the
sky bounded by an error box. This pointing information may not be included with
2Join the mailing list: http://snews.bnl.gov/alert.html
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any alert; it depends on which experiments can provide such information and whether
they were involved in the coincidence. The neutrino detectors are the ear, but the optical
telescopes are the eyes. The amateur astronomers—being skilled, enthusiastic, andwell-
equipped—are well suited for this task.
In 2003, a test alert was issued to observe the system in action. The asteroid Vesta
was selected as the test target and the position with a 13 degree uncertainty was dis-
tributed to the mailing list. Amateur astronomers world-wide submitted 83 responses,
of which six had successfully identified the target[30]. The system worked.
Chapter 5
Helium and Lead
Observatory
“Astronomically Patient”
—The HALO Collaboration
B
 ,   , SNOLAB is the deepest laboratory in
the world. SNOLAB is located near Sudbury, Ontario, Canada in the
Vale Creighton Mine. Originally, the laboratory consisted of just one ex-
periment, the Sudbury Neutrino Observatory (SNO). Due to the success
of SNO in shedding light on the solar neutrino problem, the laboratory expanded and
now is home to a handful of neutrino and dark matter experiments. The Helium and
Lead Observatory (HALO) is one of the experiments that calls SNOLAB its home.
The HALO experiment is currently in the final stages of development. When it
is complete, HALO will continuously search for the distinct neutrino signal produced
during a galactic supernova as a member of SNEWS. HALO is unique in that it is the
only neutrino experiment whose primary objective is to detect supernova neutrinos.
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F. .. Schematic of the HALO detector design (Front View). The lead blocks (stacked
objects, shaded green) are the site of neutrino interactions. The products of those interactions,
neutrons, travel into the 3Heproportional counters (four circles containedwithin each lead block,
shaded blue) and are captured on 3He. The structure is 2:4m tall.
TheHALOdetector consists of 76 tons of lead and 128 3Heneutron detectors. The
lead serves as the interaction medium and is sectioned in blocks. Each block of lead has
a bore through the middle of it within which sit four 3Heneutron detectors (Fig. 5.1).
The 864 lead blocks used in HALO are stacked in such a way that every bore extends
3m in length. Most of the 3Hedetectors are also 3m long. However, there were not
enough detectors of that length to fill up all 128 positions. Several 2:5m long detectors
were used to fill the extra space.
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Because galactic supernovae only occur two or three times each century1[33], HALO
is designed with longevity in mind. Once completed, the experiment will be highly au-
tomated and relatively inexpensive to maintain, allowing it to remain in operation for
decades.
5.1 Lead as a InteractionMedium
HALO is the only neutrino experiment that uses lead as an interaction medium. Lead
was chosen because it was economical, available, and efficiently delivers neutrino-induced
neutrons to the 3Heneutron counters in which detection actually occurs. Lead has
a relatively high neutrino interaction cross section which results in the production of
neutrons[34]. These interactions (Fig. 5.2) are neutral current (NC) interactions, which
are moderated by the Z0 boson (Eq. 5.1), or charged current (CC) interactions, which
are moderated by the W bosons (Eqs. 5.2 & 5.3).
Neutral Current  + Pb!  + Pb (5.1)
eCharged Current e + Pb! e  + Bi (5.2)
eCharged Current e + p! e+ + n (5.3)
In NC interactions, a neutrino of any flavor strikes a lead nucleus and excites it. When
the nucleus de-excites, zero, one, or two neutrons are produced (Pb ! Pb +  +
neutrons). In e CC interactions, an electron neutrino interacts with a neutron in the
lead nucleus, producing an electron and bismuth in an excited state. Again, the nucleus
de-excites and produces zero, one, or two neutrons (Bi ! Bi+  + neutrons).
1Despite this predicted occurrence rate, the most recently observed supernova within the Milky Way
was spotted by Johannes Kepler in 1604.
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Scintillator
Water
Cherenkov Lead
Neutral Current Elastic Scattering charged current charged current—νe νe
F. .. Neutrino detector sensitivities. Different neutrino interaction materials have dif-
ferent neutrino flavor sensitivities. This figure shows which interaction channels appear as a
proportion of the total neutrino signal for popular interaction media. Since HALO is the first
experiment to lead as an interaction medium, it will offer unique insight into the e charged
current channel.
Scaling from the calculations of Engel, McLaughlin, and Volpe[34], a supernova
10 kpc from Earth would produce 29 single neutrons and 18 double neutrons from the
charged current channel, and 8 single neutrons and 6 double neutrons from the neutral
current channel[35]. Not all of these events will be detected, however. HALO’s detec-
tion efficiency is estimated to be 40%[35, 36]. The efficiency will be more accurately
known after improvements have been made to the detector Monte Carlo simulation.
The third possible interaction, e CC, is highly suppressed due to “Pauli blocking.”
The excess of neutrons in lead makes it less likely that neutron will be produced because
many of the low-energy states are already filled, and neutrons are fermionic particles
that are subject to the Pauli exclusion principle.
The lead blocks were originally used in the Deep River cosmic ray monitoring
station[35]. The lead is stacked in alternating rows of four and five (Fig. 5.1) and
each row runs 3 meters deep. This geometry was chosen to maximize the number of
lead blocks used while being confined to the relatively small space that HALO is given
in SNOLAB. HALOmakes use of 76 tons of lead; 864 blocks in total. The lead blocks
were painted to minimize health risks associated with exposure to lead and to minimize
contamination of the SNOLAB environment. The paint wasmeticulously chosen based
on several factors, including its resistance to peel or rust, its neutron-capture cross sec-
tion, and its containment of radioactive isotopes that could increase background noise
in the detector[35].
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5.2 3HeProportional Counters
F. .. Technical diagram of 3Heproportional counter[37]. The counters were originally
used in Phase III of the SNO experiment, but have been refitted with new endcaps for use in
HALO.
The neutrons produced from nuclear de-excitation of either lead or bismuth pass into
one of the 128 proportional detectors (Fig. 5.3) which are filled with a gaseous mixture
of 3Heand CF4 (85/15 by pressure) at a pressure of 2:5 atm. The neutrons are captured
on 3Heshortly after entering the tube by the following reaction:
3He+ n! p + 3H+ 764 keV (5.4)
Of the 764 keV released from the reaction, 573 keV is the kinetic energy of the pro-
ton and 191 keV is the kinetic energy of the triton. The production of these charged
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particles (Fig. 5.4) ionizes the nearby gas, producing ion pairs that are accelerated in
opposite directions by a potential difference between a coaxial anode and cathode. The
electric field near the anode is strong enough to allow secondary ionization of the sur-
rounding gas by the accelerating electrons. This produces a cascade of ionization that
is ultimately collected on the anode. The amount of charge collected at the anode is
proportional to the original number of ion pairs.
θ
θ
φ
φ
F. .. 3HeNeutron capture schematic[38]. The proton-triton pair are produced and move
in opposite directions. The proton and triton peaks may be separated in time by an amount
determined by their orientation in the counter.
The spectrum of neutron energies does not have a single sharp peak at 764 keV, how-
ever. Instead, the spectrum has two distinct shoulders to the left of the peak (Fig. 5.5).
These shoulders are artifacts of the “wall effect.” The wall effect occurs when neutron
capture happens very close to the detector wall. When the proton and triton are cre-
ated, one of them may collide with the wall of the detector or be absorbed by it entirely,
reducing the total kinetic energy detected by the counter.
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F. .. 3Heneutron-capture spectrum from 24Na calibration[38]. The neutron peak is
clearly located at 764 keV, but there also exist shoulders that terminate at 573 keV and 191 keV
due to some of the triton’s or proton’s energy (respectively) being lost due to collisions with the
walls of the counter.
5.3 Neutron Backgrounds andNoise
SNOLAB is better than any other laboratory when it comes to shielding. The 6;800 feet
of rock that sit above it is the equivalent of 6;000m of water. That notwithstanding,
there is still background flux of both fast and thermal neutrons produced by radioactive
decays and cosmic ray muon interactions within the surround rock. The flux of thermal
and fast neutrons in SNOLAB has been measured to be 4;100 neutronsm−2 day−1 and
4;000 neutronsm−2 day−1 respectively[39].
To ensure thatHALOwill maintain the false-alarm rate required for participation in
SNEWS (see Sec. 4.2), shielding has been placed around the detector to block as much
of the neutron background as possible. Hydrogen makes a great neutron shield because
its small mass makes it effective at stealingmomentum from fast neutrons, slowing them
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down. Capture of the thermal neutrons by hydrogen can then occur. The shielding is in
the form of water boxes that have a volume of 1 ft3. The boxes have a bladder inside to
hold the water. The empty spaces in the box that are not occupied by the water bladder
are filled with polystyrene beads. These boxes are placed along the top, back, and sides
of the detector. Soon water boxes will cover up the front face of the detector as well.
The proportional counters are very effective as long as ionization is induced by neu-
tron capture events only. Collisions within3Hegas can excite molecules without ionizing
them, leading to the emission of a photon when the molecule de-excites. The photons
can then go on to cause ionization elsewhere in the detector. This is the reason for the
3He/CF4 mixture. The CF4 provides stopping power for ionizing particles, substan-
tially reducing the effect.
The outer shell of the3Hecounter is composed of ultra-pure nickel. The walls are
only 380 µm thick and were produced in a uniform way through the process of chemical
vapor deposition. Despite the purity of the detector material, there are trace amounts of
radioactive nuclei that contribute to noise in the signal. The most common byproduct
of radioactive decays are alpha particles. The alphas can interact with other elements
resulting in the production of a neutron. Fortunately, alpha particles have charge and
are very heavy, so they have a very short range. This prevents them in many cases from
arriving at the detector wall with sufficient energy to initiate radioactive decay.
The few neutrons that are produced by interactions with alpha particles have ener-
gies that are a couple tens of MeV, making them indistinguishable from neutrons pro-
duced by supernova neutrino interactions. A study of these alpha backgrounds found
that the rate of neutron-producing alphas was 21:9+1:1 1:0 per day and is considered negli-
gible [35].
Gamma rays are another source of noise and are produced through nuclear decays
of uranium and thorium found in the paint that coats the lead blocks. Uranium and
thorium decay via  or  emission, but the decay of daughter nuclei can produce gam-
mas. The gammas then can interact with electrons via Compton scattering and induce
ionization within the 3Hedetectors. Multiple scattering effects may imbue the electrons
with enough energy to survive being cut by detector electronics, resulting in the false
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count of a neutron. Simulations[35] and HALO data show that the energy of these
gamma-induced counts tends to be less than a few MeV, making them easily distin-
guishable from the neutrino-induced neutron signal.
5.4 Detector Electronics andData Acquisition
The HALO detector and its associated hardware is controlled by a software application
called ORCA. This software will be described in greater detail in Sec. 6.2. For now, I
will briefly describe the electronics configuration of the experiment. The flow of data
is illustrated in Fig. 5.6. The charge collected by the 3Hecounter anode is converted
into a voltage and stepped up to a higher voltage by a preamplifier (preamp). The 128
detectors are connected in pairs, so only 64 preamps are used. The signal from the
preamps is read into one of 8 shaper ADC boards, each having 8 channels. The shaper
ADCs discriminate the signal according to thresholds that are set by the experimenters
and then digitize the signal.
The shaper cards then pass the digitized signal to a single board computer (SBC)
running Linux through a common VME bus. The SBC then passes the data to the
ORCA software running on the DAQ computer. The HV on the preamps is controlled
through ORCA. A HV feedback ADC is used to continuously monitor the voltage.
A pulse distribution system has been implemented recently (not shown in Fig. 5.6).
The system allows experimenters to send a simulated pulse into the preamps as a means
of testing their response. The system can also be used to characterize the response
of the detector. For example, the pulser was recently used to measure the time delay
between the recording of events that occurred in separate detectors simultaneously[40].
Pulses are timestamped by the trigger card. Currently, the times are provided by an
NTP (Network Time Protocol) server on a local Linux box. To produce more accurate
timestamps, the collaboration is currently working with SNOLAB to acquireGPSNTP
servers.
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F. .. HALO electronics diagram. The 3Hedetectors are joined in pairs and connected to
64 preamps where the charge collected at the 3Hecounter anode is converted into a high voltage
(HV). The signal is sent to shaper ADC boards which digitize and integrate the current. The
digitized signal is then sent to a Linux single board computer (SBC) and is passed to the ORCA
software that runs on the DAQ computer. The HV system is controlled by the ORCA software.
A HV ADC is used as a feedback mechanism to monitor the voltages in nearly-real-time. A
pulse distribution (not shown) has been implemented to allow the injection of simulated pulse
signals into the preamps as a way to test their response.
Chapter 6
The Road to Full
Operation
“For tomorrow belongs to the people who pre-
pare for it today.”
—African Proverb
I
  SNOLAB     HALO  J  . Construction
of the detector hardware had finished not long before that and the detector had
been running and collecting data since May of 2012. However, HALO was far
from being ready to do its job. Many vital components were missing: SNEWS
alert triggers were not developed, hardware redundancy was not in place, there was no
way to remotely monitor the hardware, and the detector had not yet been calibrated.
My work at HALO was not singularly data analysis nor theoretical research nor
computer simulation. My contribution to the experiment was more vague and arguably
more involved: to help the collaboration move through this laundry list of tasks in a
timely manner so that HALO will be ready to serve its purpose before the next galactic
supernova occurs. In this chapter, I will discussmy involvement in preparing theHelium
and Lead Observatory for full operation.
38
39
6.1 Identifying Faulty3HeCounters
As mentioned in Chapter 5, the3Heproportional counters were donated to HALO by
the decommissioned SNO experiment. Only 128 counters are required for HALO,
which left us with a couple dozen extra to be kept on reserve in case a counter in the de-
tector for whatever reason needs to be replaced. The neutron spectrum for each counter
currently in the detector had been carefully examined to ensure the active counters were
behaving as expected, but the extra counters had not yet been so thoroughly vetted. It
was known that some of the counters were filled with 4He gas, which cannot be used
in the detection of neutrons. The SNO experiment used these as a control group and
they got mixed in with the3Hecounters when they were delivered to HALO.
To identify the 4He counters in the group and to ensure that the3Hecounters were
behaving normally, we tested each of them by collecting and examining their neutron
spectrum. To avoid disrupting any of the 128 active counters in the detector during
testing, we ran wiring from the storage rack to the rest of the hardware. This allowed
us to test four counters at a time while the rest of the detector ran normally.
Most counters were allowed to accumulate data for several days before inspection.
A healthy3Hecounter displayed a statistically significant neutron peak located near an
ADC value of 1,0001 and a tall and sharp gamma peak at very low energies (Fig. 6.1,
left). An unhealthy3Hecounter may have a broadened neutron peak or other strange
artifacts in the spectrum (Fig. 6.1, center). A 4He counter would simply not have the
neutron peak (Fig. 6.1, right).
1At this point, the arbitrary ADC value scale for energy had not beenmapped to keV. Such a mapping
depends on the peculiarities of the3Hecounter, the gains within it, and thresholds applied to it. An
algorithm to perform this conversion for each counter is currently in development.
40
ADC value
0 1000 20000 1000 20000 1000 2000
F. .. Neutron counter response. A healthy3Hecounter (left) exhibits a sharp neutron peak
and a gamma peak. An unhealthy3Hecounter (center) also has a gamma peak, but may show a
broadened neutron peak or other obscure features. A 4He counter (right) features a gamma
peak, but no neutron peak.
The 4He counters are not completely useless to the experiment, however. As dis-
cussed in Sec. 5.3, gamma rays produced by the nuclear decay of uranium and thorium
daughters in the lead paint can Compton scatter with electrons in the tubes and ion-
ize the surrounding gas. There is no neutron capture processed involved in that case,
so both 3Heand 4He counters can detect gamma rays. These counters may be used to
study the gamma backgrounds in an effort to separate them from the neutron peaks in
the 3Hecounters.
After characterization, we identified both healthy and unhealthy3Hecounters and
the 4He counters. A 3Hecounter with a gas leak will experience either a decrease or in-
crease in gain, depending on how much gas has leaked, and manifest itself as a distorted
neutron spectrum. We suspected that any unhealthy spectra we found would be due to
such a leak, but after finding several of these, we began to wonder if there was another
explanation. It was a symptom worthy of further investigation, in case it represented a
larger problem that could affect healthy3Hedetectors down the road.
It was suggested that perhaps the electrical connection between the anode wire and
the endcap that connects it to the high voltage was not sound. The endcaps connect
to the anode wire through a small metal spring. At the end of the spring is a ball that
fits into a socket at the end of the anode wire. We imagined two scenarios that might
degrade the electrical connection: the ball on the spring did not fit into the socket and
is instead resting on the side of the anode wire; or the spring has lost compression over
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time and is no longer making firm electrical contact.
To test these ideas, we began removing endcaps from the detectors in question and
examining the connections. There was no evidence of any of the springs being bent, but
the possibility of them having lost sufficient compression to provide a good electrical
contact was still plausible. We placed a small dab of conductive grease to the end of the
spring ball to provide a strong electrical pathway even if ball and socket were only barely
touching.
This did not make a difference; the spectra still appeared deformed. Since we tried
improving the connection with conductive grease, others have attempted to measure
how the spring compression changes over time. They found that the springs do tend to
loose compression very quickly. A spring compressed by 4mm lost much of its com-
pression within the first few minutes and approached a value of 2mm after a few hours.
The manufacturer claims that 2mm is the amount of compression needed to make
a strong electrical contact, so these results initially were not too concerning. How-
ever, over a longer time scale of about a week, the springs lost an addition 0:5mm of
compression[41]. It is not clear whether this is the cause of the deformed neutron spec-
tra, but it will continue to be investigated.
6.2 DAQSoftware Development
The HALO detector and its related hardware is monitored and controlled by a soft-
ware package called ORCA (Object-oriented Real-time Control and Acquisition), de-
veloped by Mark Howe at the University of North Carolina at Chapel Hill.2 ORCA is
written in Objective-C using the Cocoa framework and Apple Developer Tools. It is a
powerful application, providing native support for a wide range of devices, data readout
and analysis tools, and the ability to write custom processes within the software. Being
well-versed on the Apple OS X operating system, it made sense for me to act as the
liaison between HALO and ORCA development.
ORCA is open-source. It is tracked using Subversion and compiled using Apple’s
2http://orca.physics.unc.edu/markhowe/
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Xcode4 software. We wanted to have the ability to add functionality to ORCA that we
needed at HALO. Before I could do that, though, I had to learn Objective-C. I hadn’t
done much with object-oriented languages in the past, so I found Objective-C to be
quite abstract and the learning curve steep.
ORCA follows the Model-View-Controller paradigm. Each component of the ap-
plication has associated with it at least five files.
ExampleModel.h
ExampleModel.m
Example.nib
ExampleController.h
ExampleController.m
The .h files are header files that describes the class interface: definition of instance
variables and public methods. Implementation is contained within the .m files, which
contains the code for the methods described in the header as well as private methods.
The Model files contain code that store information or manipulate states. They have no
connection to the user interface. Controller files on the other hand, are the glue that
binds the models to the user interface. They ensure that changes made in the model are
updated on the screen and conversely that user input gets passed to the model. Finally,
the .nib files represent the view, the user interface. They are not coded, but instead
graphically designed through Xcode’s Interface Builder.
The 3Hedetectors in HALO are associated with a variety of electronics and hard-
ware. Each detector is connected to a VME crate, card and channel; a high-voltage
crate and channel; a preamp; and a pulser card and channel. Furthermore, each counter
has an identification number printed on it and is located at some position within the
detector. Since it’s likely that detectors may get shuffled around to different positions
in the detector, it is important to have a record of all these pairings for future reference.
This was originally achieved by including a list of all 128 detector ID numbers and their
positions in the detector in a text-input box in ORCA.
That method could work temporarily, but in the long term a more robust archival
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method is necessary. With so many components that could fail, it is crucial to know
what is connected to what at all times. I set out to implement a hardware map for the
HALO object in ORCA that would store all of the aforementioned details for each
detector in an easy to read table, and that could be exported to or imported from a
Comma Separated Values (CSV) file for easy saving.
First, I designed the table in Xcode4. This involved partitioning a table into the
right amount of columns for everything I wanted to track and assigning to each column
a unique identifier that links it to a particular value from each row of the CSV file.
F. .. Building the hardwaremap. This screenshot of Xcode shows the graphical Interface
Builder that is used to design user interfaces. Halo.nib is the file being edited here. In the center
of the interface is the table that will be populated with the details of the hardware map. When
a CSV file containing the map is read, each column is assigned a unique identifier, which must
also be assigned to a column in the table (on the right).
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Building the table was done graphically, through Xcode’s Interface Builder. There
is no programming required to build these visual elements. But, the elements need to
be linked to objects from code in order to be used. For example, to put the contents of
a CSV hardware map file into the table, the user pushes the “Read” button and browses
for the file. There is an action in the code associated with this button, which reads in
the file and parses the CSV syntax. The results of that action are stored in an object
that is associated with the table I created. To ensure that the correct values make it into
the correct columns, the values from the file are added to a dictionary of key-value pairs.
Each key is a unique identifier that is specified in the appropriate column on the table
(Fig. 6.2).
L .. HaloModel.m.
Code required to assign values from CSV file to keys that can be displayed in the hardware map
table. Only one entry of the list is shown, but the structure is the same for all of them.
- (NSMutableArray*) setupMapEntries:(int) index
{
NSMutableArray* mapEntries = [NSMutableArray array];
. . .
[mapEntries addObject:[NSDictionary
dictionaryWithObjectsAndKeys: @"kHvCrate",
@"key", [NSNumber numberWithInt:0], @"sortType", nil]];
. . .
return mapEntries;
}
With the code finished, I moved on to producing the necessary CSV file for the
current detector configuration. It was an exercise in tedium, following cables from the
detectors to the preamps and then down to other hardware. Finally I was able to produce
a document like the one below:
0,7106,0,3.00-233,8,4,0,3,H316,0,0
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1,7139,3,3.00-221,8,5,0,2,H349,0,12
2,7106,6,3.00-160,8,4,0,3,H316,0,0
3,7139,9,3.00-230,8,5,0,2,H349,0,12
4,7206,0,3.00-199,8,6,0,2,H342,0,6
Finally, I imported the file into ORCA to produce the table seen in Fig. 6.3.
F. .. CompletedHALOhardwaremap. The imported CSV file populates the table. Now
the information about what is connected to what is easily accessible, easily editable, and savable
as another CSV file for archiving. There is no need to edit the CSV file directly. If the detector
configuration is changed, these values can simply be changed on the fly in the table.
HALO also has a test stand of four 3Hedetectors outside of the main apparatus.
This was developed while testing the 3Hetubes for defects. Later it was realized that
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this feature should be extended to map the test stand as well. I created a separate tab in
the user interface for the test stand. I purposefully kept them in separate tables, so that
it was clear which detectors were active in the experiment and which were being used
diagnostically.
F. .. DetectorView improvements The DetectorView looks like the physical HALO
detector. The colors represent the total counts on each 3Hetube during the run. This can be
used as a quick inspection of relative detector response. You can see the tubes in the lower left of
HALO have relatively high rates (there was a neutron source in that area). Each 3Hecan now
be selected to reveal its hardware map information (on the right).
There is another portion of the HALO object in ORCA that displays a cartoon
graphic of the detector. It is a simple graphic, consisting of circles that represent each
3Hecounter arranged on the screen in the same way they’re arranged physically. Each
circle is filled with a color that corresponds to the number of counts it has had during
the current run. This view—which we call the DetectorView (Fig. 6.4)—is a great
diagnostic tool, allowing us to immediately notice if any of the 128 detectors are acting
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differently from the rest. Clicking on an individual circle reveals some information
about that particular detector. Originally, it only listed the shaper card and channel. I
extended this to display all of the information available in the hardware map. Now, we
have the ability to choose any 3Hedetector at random and instantly know everything
that it is connected to. This will make troubleshooting detector-related problems much
easier.
6.3 Network Design
HALO is intended to operate for decades. Once it is in its final state and operating
normally, there will not often be people stationed underground near the hardware. For
this reason in particular, and because it’s just good form generally, it is important that
everything is organized in a common sense way and well-documented. As we began to
add more computers to the set up, it became clear that a formal network organizational
structure was necessary.
We have nearly two of every device on the network. This is for redundancy. It is
critically important that single point of failure cannot bring HALO offline when that
supernova finally occurs. I wanted to develop a networking scheme that made sense
and was easy to remember. I put each device and its backup into a group, for a total of
twelve groups. The exception to this rule were the two DAQ computers, which each
exist in their own group, but have two network interfaces. I numbered the groups from
0–11 and assigned them private IP addresses following the scheme:
xxx.xxx.[group number].[device number]
Where xxx.xxx is the private network address, redacted for security purposes. For
example, there are two VME crates, which belong to group number 7 on my list. Their
private IP addresses, respectively, are
xxx.xxx.7.1
xxx.xxx.7.2
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We also have machines that connected to the outside world for remote monitoring
purposes. These were assigned public IP addresses by SNOLAB and don’t follow any
kind of formula like the private addresses, but they are at least sequential in the same
direction as the private addressing scheme, making them as sensible as possible. Host-
names were also chosen for the private network. They follow a scheme very similar to
that as the private IPs:
halo-[group name][device number]
So again, in the case of the two VME crates, their hostnames are:
halo-vme1
halo-vme2
I chose this network scheme to be simple and easy to remember. It is also extensible.
In the event that a new piece of hardware is installed in the future, it can easily be
assigned an IP and a hostname that conforms to this standard. Security is a concern
for these devices since they have a link to the Internet that will be used for remote
monitoring. Besides that one point of entry, the network is isolated on its own subnet
with port forwarding carefully configured.
6.4 RemoteMonitoring
HALO is designed to be low-maintenance. It can run continuously for long periods of
time automatically. This allows for experimenters to spendmost of their time on surface
working on other things, rather than spending valuable time under ground running the
detector. Despite the automated capacity of HALO, it is still essential to monitor the
behavior of the detector in order to identify any problems that arise that would prevent
HALO from triggering on a supernova signal when it comes. Such monitoring can be
performed remotely, however, eliminating the need to spend time underground when
the detector is functioning normally.
There is a shift system in place, in which HALO collaborators take turns checking
up on the detector. Each experimenter in the shift rotation is responsible for monitoring
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the detector for a block of three days at a time. During that time, they document the
status of HALO by submitting an online shift report twice a day. A shift involves
confirming that voltages are as expected, that the detector is in the process of collecting
data, and looking for peculiarities in the accumulated data.
The method to perform these checks currently involves connecting to the DAQ
machine through a remote desktop interface. From there, the shifter has direct control
over the Orca application, and thus the HALO detector itself. Aside from its useful-
ness for shift reports, remote desktop access has been a valuable tool while HALO was
being constructed and developed, allowing us to update software and adjust detector
parameters after-hours.
But, as HALO nears its final configuration the remote desktop method of monitor-
ing becomes less ideal and more of a liability. It is not hard to foresee an instance in the
future wherein a shifter connected via remote desktop produces an accidental click that
halts the collection of data or disrupts the high voltage or shuts down the DAQ com-
puter. There are countless things that could go wrong when people routinely directly
access the DAQ remotely. For this reason, the development of a non-disruptive remote
monitoring system is necessary.
I decided to take up the development of such a system, but there were many things
to consider before jumping in. HALO is very much a long-term experiment. I began
by considering the following guidelines:
1. Longevity.HALO is a long-term experiment. It makes sense to develop a remote
monitoring system that will last a long time too. The architecture used must be
one that is likely to be supported by modern operating systems for years to come.
2. Simplicity. Over its lifetime, the remote monitoring system will likely be used
and maintained by many people. The system needs to be as simple as possible
to ensure that future experimenters will be able to understand how it works and
make modifications with ease.
3. Extensibility. There will likely be new hardware added to the experimental con-
figuration in the future. The remote monitoring system should be designed in a
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way that allows for the inclusion of new devices or functionality with ease.
Bearing those guidelines in mind, I developed a system in which Perl scripts on local
machines run at specified intervals to poll the hardware and push the response into a
database. Information from the database is then served to a web interface through PHP
and Javascript. The shifter can then view the relevant information without having any
control over the experiment. I will now describe the system in detail.
6.4.1 Data Scraping
Many devices involved with running HALO are connected to the private ethernet net-
work and are accessible in some way, whether by SNMP (Simple NetworkManagement
Protocol) or telnet or some other protocol. The trick then is to extract desired informa-
tion from each device automatically. This is something a script can do quite easily. For
example, the VME crates are the interface between the shaper cards andORCA, and are
accessible through SNMP. A simple command is all that’s necessary to extract any piece
of information provided by the crate. Here’s an example of some of the information it
can provide us:
outputSwitch.U0 = INTEGER: ON(1)
outputSwitch.U1 = INTEGER: ON(1)
outputSwitch.U5 = INTEGER: ON(1)
outputVoltage.U0 = Opaque: Float: 5.000000 V
outputVoltage.U1 = Opaque: Float: 12.000000 V
outputVoltage.U5 = Opaque: Float: 12.000000 V
outputAdjustVoltage.U0 = INTEGER: 0
outputAdjustVoltage.U1 = INTEGER: 0
outputAdjustVoltage.U5 = INTEGER: 0
outputCurrent.U0 = Opaque: Float: 115.000000 A
outputCurrent.U1 = Opaque: Float: 23.000000 A
outputCurrent.U5 = Opaque: Float: 23.000000 A
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I wrote a simple Perl script that uses the snmpget command to extract the information
we’re interested in monitoring. The script then arranges that information in a JSON-
formatted string and pushes it to a database, but those details will be examined in the
next section.
ORCA has built within it a method for extracting relevant information as well. A
socket connection can be opened that allows a script to call any function from within
ORCA. This allows us to extract details like the current voltage on each HV channel,
the thresholds and gains set on each shaper channel, and any other ADC value that we
choose. I have not yet written the scripts that will scrape data in this way, but it is a
near-future plan. Additionally, ORCA can send run-related information to a database
automatically. Much of the information need for shift reports can be gathered this way.
Examples include run number, elapsed run time, counts on each detector, alarms, and
the status log to name a few.
The scripts that gather the data from all these sources can be called in a couple of
ways. Currently, they are run automatically every two minutes. But, they can also be
called directly from the web interface if the user wants to see the updated information
immediately. I chose the interval time of two minutes arbitrarily during development,
so it will likely change if the temporal resolution is too low to produce a confident shift
report.
6.4.2 DatabaseManagement
The information gathered by the data scrapers is pushed into a database. More specifi-
cally, a CouchDB3. A CouchDB is a schema-less database that uses a RESTful HTTP
API4 for the storage and retrieval of information. The most fundamental unit in a
CouchDB is called a document. A document is in some ways analogous to a table in an
SQL database, only there are no predefined fields or field types. Instead, a document is
simply a string formatted as JSON.
3CouchDB was invented by Apache: http://couchdb.apache.org/.
4RESTful APIs are controlled through HTTP methods like GET, PUT, POST, and DELETE.
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JSON ( JavaScript Object Notation) is very similar to XML in that it consists of key-
value pairs, but it is designed to be human readable. An example is shown in Listing 6.2.
JSON-formatted data are very versatile and easily implemented into web code with pre-
existing libraries. Each document in theCouchDBhas associated with it an id (_id) and
a revision number (_rev). When updating an entry in CouchDB, the previous entry
is not deleted. Instead, the updated document is stored with the same _id the original
had, but an incremented _rev, allowing the user of the database to keep a history of the
database as time goes on. In CouchDB, nothing is ever lost.
L .. A JSON Example.
Here is a short list of neutrino observatories with some descriptive attributes. This format is
both human and machine readable!
{
{
"Name":"HALO",
"Location":"Canada",
"Type":"High-Z (Pb)"
},
{
"Name":"Super-Kamiokande",
"Location":"Japan",
"Type":"Water Chernekov"
}
}
CouchDB’s revision feature and its sans schema philosophy make it ideal for use in
the HALO remote monitoring system. The revision-tracking will allow us to recall the
state of the detector in the past if needed, and the lack of a rigid schema make storing
new types of information painless. This flexibility will contribute to the goal of making
the system extensible.
The last thing I’ll mention about CouchDB for now is that it is not accessible
through a command line or a custom protocol. Rather, it is accessible through HTTP.
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The CouchDB server creates a web server on the default port of 5984. To retrieve a doc-
ument titled “doc” from the database called “db”, you can simply point your web browser
to http://localhost:5984/db/doc and the result will be the contents of the document as
a JSON string. This simple method of access makes it easy to retrieve documents from
CouchDB with any programming language that supports basic HTTP requests.
The data scrapers that gather information from the experimental hardware format
the information as JSON before pushing it to the local CouchDB as a document. Con-
veniently, ORCA already includes native support for CouchDB. After writing an ex-
ample data scraping script for the VME crates and setting up the databases, I had most
of the basic infrastructure for the remote monitoring system in place. What remained
was the development of a user interface.
6.4.3 A Simple, Yet Powerful User Interface
I have been able to stay true to the guidelines I set for myself during the development
of the data scrapers and the database. They’re simple, they’re sustainable, and they’re
extensible. The user interface was bound to be the more difficult task in these regards.
It is very easy for web code to get messy and disorganized because there is a lot of it.
To avoid this, I built the code very slowly, making sure that each part of the code was
separate from the others. The code to pull documents from CouchDB was separate
from the code that parses the resulting JSON response, which in turn was separate from
the code that prints the information to the screen. In this way, the code is modular.
This will make it easy to add new code in the future. It also makes understanding how
the code works much easier.
The user interface is written in a combination of three languages commonly used
in web programming. The core of the interface is written in PHP, a recursive acronym
that stands for PHP: Hypertext Preprocessor. PHP is a server-side scripting language; it
gets executed on the server and the user is served the output. In this case, the PHP
scripts are mainly used to request documents from the database. The JSON-formatted
response is passed into the next layer of programming, Javascript, where it is parsed.
Javascript, as opposed to PHP, is a client-side language. It is responsible for parsing
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the JSON received from CouchDB and performing functions on it (like formatting or
calculations) before it is displayed to the user. I am using a popular Javascript library
called jQuery5, which provides a means of updating elements that have already been
drawn on the web page. jQuery will allow the information on the page to be updated
as the database is updated, providing the user with a nearly-live view of the detector
parameters.
F. .. Prototype remotemonitoring user interface. This early version of the remote moni-
toring tool displays a subset of the desired HALO information in a clean and easy to understand
interface. The HALO DetectorView from ORCA is replicated in the lower left, although the
colors which normally correspond to counts are temporarily randomized for testing purposes.
The final programming tier in the user interface is simple HTML. This language
defines the structure of the web page. It dictates where the content will be placed and
how it will be styled. HTML is also client-side, however it is not considered a program-
ming language. It cannot perform calculations or understand conditional statements; It
5http://jquery.com/
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is simply a markup language. The HTML elements are known as DOM nodes and are
manipulated by jQuery to present dynamic content.
Continuing to embrace the idea of simplicity and modularity, I made use of a pow-
erful HTML framework called Twitter Bootstrap6. This provided a basic grid layout as
a skeleton and a handful of style rules to make the web page visually appealing. Using
the grid layout, I was able to design a page that is visually modular. Similar components
are grouped together instead of being scattered throughout the page, much like the code
(Fig. 6.5).
The basic infrastructure that powers the HALO Remote Monitoring Tool is cur-
rently in place. It includes automated data scrapers, a centralized database and a user
interface powered by server-side, client-side, and markup languages. At the time of
writing, the collaboration is in the process of deciding exactly which quantities we want
to monitor with the tool. The modularity I built into the code will make that process
trivial; any new code will essentially be “plug and play”.
6.5 Current Status and FutureWork
I will continue to develop and document the HALO Remote Monitoring Tool for the
time being. I expect it to be ready for regular use during shift reports within the next
month, representing a milestone in the process of bringing HALO closer to its final,
steady state configuration.
The HALO experiment is getting close to full operations, but there are still several
outstanding items on the checklist.
• Placement of front water shielding. Until very recently, the 3Hedetector pairs in
HALO had not been gain matched. Since there are two detectors per channel, it
is desirable for them to have as similar gains as possible so that their neutron peaks
occur at the same ADC value. Now that the gain matching process is finished
and the 3Hedetectors are likely in their final configuration, the water shielding
that will cover the front face of the detector can be installed.
6http://twitter.github.io/bootstrap
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• Improvement of Monte Carlo simulation. HALO uses the Geant47 software
package to simulate particle behavior within the detector. A basic version of MC
has been around for some time, improvements have been made to it periodically
over the last year. However, there are still further improvements to be made and
perhaps some bugs to work out before it will be ready for use in calibration.
• Detector calibration. The detector will be calibrated with a 252Cf neutron source.
I briefly worked to characterize 252Cf neutron emission for use in the MC by ref-
erencing previously-measured 252Cf neutron spectra and multiplicities, however
it appears that the Geant4 software may already have that functionality built in.
The source is currently awaiting encapsulation, but will soon be underground.
Calibration data-taking should begin within the next few months.
• Isolation of the neutron peak. The neutron spectrum contains a large amount of
low-energy events that are caused by gamma raysCompton scattering on electrons
within the detectors. This peak appears to merge with the shoulder of the neutron
peak. The peaks are clearly separate from each other, but it’s not clear where one
ends and the other begins. This ambiguity can lead to problems with low-energy
neutron detection. The best solution is to fit functions to each peak and then
strategically cut as many gammas as possible without cutting any neutrons. The
gamma peak is easy to fit; it is an exponential. The neutron peak—with its skewed
shoulder—is more complicated, but achievable. An algorithm has already been
developed to do this, but it needs improvement before it can be relied on. If the
interface between gammas and neutrons can be identified for each 3Hedetector,
then the thresholds on the shaper cards can be adjusted to eliminate as many
gammas as possible at no expense to the neutrons.
• Supernova Triggers and Joining SNEWS. Once the detector is fully shielded
and calibrated, the supernova triggers must be developed and implemented so
that HALO can become an active participant in SNEWS. To abide by the false-
alarm limits set by SNEWS, HALO’s triggers will listen for a burst of 6 neutron
7http://geant4.cern.ch/
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detection events in a 2 second time window. With this trigger threshold, HALO
will be capable of generating a SNEWS trigger for any supernova within 17:5 kpc
of Earth[35]: a region that encompasses most of the stars in the Milky Way.
Chapter 7
Conclusion and
Discussion
“It is a capital mistake to theorize before one has
data. Insensibly one begins to twist facts to suit
theories, instead of theories to suit facts.”
— Sir Arthur Conan Doyle
S
    - . Various neutrino
observatories have joined a network to provide advance warning of these rare
events by exploiting the immediate release of neutrinos produced within their
collapsing cores. TheHelium and LeadObservatory is the world’s first dedi-
cated supernova detector and will be joining the Supernova EarlyWarning System once
it is fully operational.
HALO is designed to be a low-maintenance, low-cost, high-uptime detector. “As-
tronomically patient” is the name of the game; the expected occurrence rate of galactic
supernovae is two or three per century, so HALO is being designed to last for decades.
The detector is fully constructed and has been taking data since May 2011. However,
HALO is not yet ready to fulfill its destiny. Designing an experiment that can span
decades requires very thoughtful planning and careful execution. Furthermore, an ex-
periment that will likely have but one opportunity to perform its only duty must be
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capable of doing so at all times. There must be redundancy and fail-safes and continu-
ous monitoring.
These considerations are currently the forefront of progress being made on HALO.
Within the coming months, calibration of the detector will begin by exposing it to
the well-known neutron source, californium. This will provide a deeper understanding
of the detector’s response and will help strengthen the Monte Carlo simulation. Also
the effort to separate the background gamma ray sources from the neutrino-induced
neutron signal will soon be underway. The water shielding in front of the detector
is not yet in place, but that will not be the case for long now that the 3Hecounters are
believed to be in their final positions. Finally, the software that listens for the supernova
neutrino signal will be written and implemented, connecting HALO to SNEWS and
marking the beginning of what is likely to be a long but worthwhile tenure as the world’s
supernova watchdog.
It has been very rewarding to be a part of the HALO collaboration. And I am
grateful to have played a meaningful role in the history of this experiment. My work
mainly centered around providing a long-lasting infrastructure for the experiment. I
developed a networking scheme that is simple, scalable, and redundant which has al-
lowed the experiment to start placing networked devices into their final configurations.
I also improved the monitoring capabilities of the experiment. I organized the complex
interconnectedness of hardware into a tabular hardware map for easy referencing. Most
recently, I built the basic framework for what will be a powerful remote monitoring
tool. The framework is simple and modular, which will allow the collaboration to make
modifications or improvements as the need arises. In the coming weeks, I will continue
to develop the remote monitoring application on top of this framework. Soon, it will
be ready to use, and HALO will be one step closer to full operation.
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